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Abstract .  Recent ana lyses  of t h e  Atmosphere Explorer d a t a  are 
discussed i n  which i t  i s  demonstrated t h a t  t he  satel l i te  glows have 
two components, one a t  high a l t i t u d e s  which i s  c o n s i s t e n t  wi th  exc i ta -  
t i o n  i n  s i n g l e  c o l l i s i o n s  of atmospheric oxygen atoms wi th  t h e  v e h i c l e  
su r face  and t h e  o ther  a t  low a l t i t u d e s  which i s  c o n s i s t e n t  wi th  double 
c o l l i s i o n s  of n i t rogen  molecules. Contrary t o  an earlier suggest ion,  
t h e  low-al t i tude d a t a  are not  cons i s t en t  wi th  s i n g l e  c o l l i s i o n s  of 
oxygen molecules. 
The sepa ra t ion  of t he  two componentx stEengthens t h e  canc lus ian  
t h a t  t h e  h igh-a l t i tude  glow arises from v i b r a t i o n a l l y  exc i ted  OH mole- 
cu le s  produced by a formation mechanism t h a t  is d i f f e r e n t  from t h a t  
leading t o  t h e  normal atmospheric OH airglow. The spectrum is consis- 
t e n t  wi th  a s s o c i a t i o n  of oxygen and hydrogen atoms a t  s i tes on t h e  
su r face  i n t o  t h e  v i b r a t i o n a l  l e v e l s  of OH. The low-al t i tude glow i s  
cons i s t en t  wi th  t h e  Green mechanism but  t h e r e  are d i f f i c u l t i e s  wi th  i t .  
emission from NO2.  
sa te l l i te  glows w i l l  be  cons t ras ted  and a t e n t a t i v e  r e s o l u t i o n  of t h e  
d i f f e rences  i n  the  Atmosphere Explorer and s h u t t l e  glows w i l l  be of fe red .  
The s h u t t l e  glows are d i f f e r e n t  and have t h e . s p e c t r a 1  appearance of 
The c h a r a c t e r i s t i c s  of t he  s h u t t l e  glows and t h e  
Discussion 
Much d e t a i l e d  information about t h e  glows r e s u l t i n g  from t h e  i n t e r -  
a c t i o n  of spacec ra f t  wi th  t h e  atmospheric environment has  been acquired 
from s t u d i e s  of t he  d a t a  provided by t h e  Vi s ib l e  Airglow Experiment on- 
board t h e  Atmosphere Explorer sa te l l i tes  [Hays e t  al . ,  19731. Figure 1 
i l l u s t r a t e s  t h e  glow i n t e n s i t y  a t  732 nm as a func t ion  of a l t i t u d e  
[ Y e e  and Abreu 1982, 19831. Above 160 km t h e  i n t e n s i t y  i s  d i r e c t l y  
propor t iona l  t o  t h e  ambient number d e n s i t y  [OI of atomic oxygen. Yee 
and Abreu [1982, 19831 suggested t h a t  t h e  glow w a s  produced by oxygen- 
containing metas tab le  molecules re leased  from t h e  su r face  a f t e r  ener- 
g e t i c  c o l l i s i o n s  wi th  oxygen atoms and they drew a t t e n t i o n  t o  labora- 
t o r y  s t u d i e s  of OH, NO and NO2 su r f ace  luminos i t ies .  
i n t e n s i t y  appears  t o  inc rease  wi th  diminishing a l t i t u d e  and may a l s o  
be p ropor t iona l  t o  101 [Banks e t  a l . ,  1983; Mende e t  a l . ,  1983, 1984a,b, 
19851. 
s i t y  wi th  the angle  of a t t a c k  aEd obtained a d i s t r i b u t i o n  cos3+ wi th  
some emission p e r s i s t i n g  t o  an  angle  of 120°. 
t h e  d i s s o c i a t i v e  absorp t ion  p r o b a b i l i t y ,  t h e  v a r i a t i o n  wi th  Q, depends 
upon the  i n t e r a c t i n g  spec ies  and t h e  na tu re  of t h e  sur face .  A va r i a -  
t i o n  as cos3+ happens t o  be cons i s t en t  wi th  a one-dimensional b a r r i e r  
model of desorp t ion  which has received experimental  support  from 
s t u d i e s  of t h e  i n t e r a c t i o n  of t he  l i g h t  molecule H2 wi th  Cu su r faces  
The s h u t t l e  glow 
Y e e  and Abreu [1982, 19831 analyzed t h e  v a r i a t i o n  of t h e  glow inten-  
I n  labora tory  s t u d i e s  of 
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[Balooch e t  a l . ,  19741. For t h e  heavier  molecule N2 on a W(110) sur-  
f ace ,  i n  c o n t r a s t ,  t h e  d i s s o c i a t i v e  absorpt ion p r o b a b i l i t y  depends only 
weakly on angle  [Auerbach e t  al . ,  19841 as apparent ly  does t h e  s h u t t l e  
glow i n t e n s i t y  [Mende e t  a l . ,  1984a,bl. 
The e f f i c i e n c y  wi th  which t h e  glow is  produced on t h e  AE satell i tes 
f o r  each c o l l i s i o n  of an oxygen atom w a s  found t o  inc rease  during t h e  
satell i te l i f e t i m e s  i n d i c a t i n g  t h a t  su r f ace  processing w a s  occurr ing 
[Yee e t  a l . ,  19841. The s h u t t l e  does not  remain i n  o r b i t  long enough 
f o r  time-dependent e f f e c t s  on t h e  luminosity t o  b e  de t ec t ab le  though 
d i r e c t  shuttle-based measurements have demonstrated a s u b s t a n t i a l  
e ros ion  of va r ious  materials and t h e  glow i n t e n s i t y  depends upon t h e  
su r face  material [Mende et  al .  , 1984b, 19851. 
The observat ion of a glow at angles  g r e a t e r  than  90° on t h e  AE 
satel l i tes  w a s  a t t r i b u t e d  t o  t h e  su r face  release of exc i ted  molecules 
wi th  a f i n i t e  r a d i a t i v e  l i f e t i m e  [ Y e e  and Abreu, 1982, 19831. The d is -  
t r i b u t i o n  wi th  (p is  cons i s t en t  w i th  a decay l eng th  of 10 m. Because 
t h e  a n a l y s i s  d id  no t  take  account of t h e  Maxwellian v e l o c i t y  d i s t r i b u -  
t i o n  of t h e  impacting atoms, t h e  der ived va lue  of 10 m should be re- 
garded s t r i c t l y  as an upper l i m i t .  The corresponding r a d i a t i v e  l i f e -  
t i m e  probably lies between 10 m s  and 1 m s .  
The s h u t t l e  glow can be analyzed more d i r e c t l y  i n  t h a t  t h e  glow i s  
seen t o  be  s p a t i a l l y  extended. A c a r e f u l  a n a l y s i s  of t h e  photographs 
of t h e  glow yie lded  a decay length  of 20 cm and suggested t h a t  t h e  
mechanisms of t h e  AE and s h u t t l e  glows are d i f f e r e n t  [Yee and Dalgarno, 
1983, 19851. 
centered a t  732 nm and 656 nm i s  2.15 between 170 and 175 Ian and 2.25 
between 140 and 145 km [Yee and Abreu, 1982, 1983; Langhoff e t  a l . ,  
19833, c l o s e  t o  t h e  OH i n t e n s i t y  r a t i o  observed i n  t h e  n i g h t  airglow. 
Together w i th  t h e  i n f e r r e d  r a d i a t i v e  l i f e t i m e ,  t h e  s i m i l a r i t y  of t h e  
i n t e n s i t y  r a t i o s  l e d  Slanger [1983] t o  suggest v ibra t iona l ly-exc i ted  
OH as t h e  molecule respons ib le  f o r  t h e  AE luminosity.  Further  d a t a  
obtained over a wavelength range extending t o  280 m [Yee and Abreu, 
19831 gave a spectrum which d i f f e r s  from t h a t  of t h e  a i rg low bu t  Lang- 
hoff et a l .  E19831 showed t h a t  t h e  OH i d e n t i f i c a t i o n  could be  r e t a ined  
by pos tu l a t ing  OH formation through a su r face  a s soc ia t ion  mechanism t h a t  
populates  a l l  t h e  v i b r a t i o n a l  levels a t  nea r ly  uniform rate. Their  
model reproduced s a t i s f a c t o r i l y  t h e  s h o r t e r  wavelength da t a  but  i t  
y ie lded  a 732 nm/656 nm i n t e n s i t y  r a t i o  between 5.6 and 7.4. They 
suggested t e n t a t i v e l y  t h a t  t he  discrepancy wi th  t h e  measured r a t i o  of 
2.15 w a s  due t o  the  u n c e r t a i n t i e s  i n  t h e  l i n e  pos i t i ons  of t r a n s i t i o n s  
o r i g i n a t i n g  i n  t h e  high v i b r a t i o n a l  levels f o r  which no labora tory  d a t a  
e x i s t .  
measurements wi th  a Fabry-Perot in te r fe rometer  onboard t h e  Dynamics 
Explorer DE-B sa te l l i te  [Abreu e t  a l . ,  19851. Two l i n e s  w e r e  de tec ted  
whose p o s i t i o n s ,  cor rec ted  f o r  t h e  Doppler s h i f t  a r i s i n g  from t h e  mov- 
ing  sa te l l i t e ,  co inc ide  wi th  l i n e s  of OH. 
which could a l s o  be due t o  OH. Although persuas ive ,  we  no te  t h a t  t h e  
l i n e s  a l s o  co inc ide  i n  p o s i t i o n  wi th in  t h e  accuracy of t h e  measurements 
w i th  t h r e e  l i n e s  of t h e  f i r s t  p o s i t i v e  system of N2. 
The spectrum of t h e  s h u t t l e  glow [Mende e t  a l . ,  1983, 1984a,b 19851 
i s  d i f f e r e n t  from t h e  AE glow. It appears t o  be  without s t r u c t u r e  and 
i s  very  s i m i l a r  t o  t h e  NO2 recombination continuum [Swenson e t  a l . ,  
The measured i n t e n s i t y  r a t i o  of t h e  AE glow i n  t h e  band passes  
Addit ional  support  f o r  the OH i d e n t i f i c a t i o n  w a s  obtained from 
A t h i r d  l i n e  w a s  de t ec t ed  
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19851. Emission from NO2 has  been t h e  sub jec t  of many l abora to ry  
s t u d i e s  (Font i jn  e t  a l . ,  1964; Paulsen et a l . ,  1970; Kenner and Ogryzlo, 
1984; Kuwabara e t  a l . ,  19841. Swenson e t  a l .  E19851 suggested t h a t  NO,  
produced by t h e  ramming N2 and 0, remains on t h e  su r face  where it 
reacts f u r t h e r  w i th  the ambient oxygen atoms. 
nism 
formed as w e l l  as N02. 
about 80 us a t  500 nm [Schwartz asld Johnston, 19691. To be cons i s t en t  
w i th  t h e  der ived s p a t i a l  e x t e n t  of 20 cm [Yee and Dalgarno, 19831, t h e  
NO2 must be r e l eased  wi th  a v e l o c i t y  of 2.5 km s-' corresponding t o  a 
k i n e t i c  energy of about1 .4  e V .  
Papadopoulos [1984]. According t o  it, ene rge t i c  e l e c t r o n s  are pro- 
duced by a plasma i n t e r a c t i o n  and t h e  glow i s  caused by e l e c t r o n  
impact e x c i t a t i o n .  
t e n t  of t h e  glow, We have extended an earlier s tudy by Kofsky l19841 
of t h e  expected spectrum. A s  Kofsky 119841 pointed ou t ,  t h e  most in- 
tense emissions appear i n  the  u l t r a v i o l e t ,  a reg ion  no t  y e t  observed 
on the  space s h u t t l e .  Weaker emissions occur i n  t h e  v i s i b l e  and in-  
f r a r e d  bu t  t h e  behavior of t h e  spectrum below 600 nm i s  q u i t e  d i f f e r e n t  
from both t h e  s h u t t l e  and t h e  AE spec t ra .  
t h e  ambient e l e c t r o n  dens i ty .  The AE glow has been analyzed. N o  
c o r r e l a t i o n  w a s  found between i t s  i n t e n s i t y  and the  e l e c t r o n  d e n s i t y  
[Yee et a l . ,  19841. 
t o  LO1 and t h e  spectrum i s  d i f f e r e n t  [Yee and Abreu, 1982, 19831. Slan- 
ge r  [19831 remarked t h a t  t he  enhancement i n  the  glow i n t e n s i t y  above 
t h a t  obtained by ex t r apo la t ing  t h e  cont r ibu t ion  from atomic oxygen was  
d i r e c t l y  p ropor t iona l  t o  t h e  number dens i ty  [Ozl of ambient molecular 
oxygen, bu t  a more d e t a i l e d  s tudy by Yee e t  a l .  E19851 of a l a r g e r  da t a  
base concludes in s t ead  t h a t  t h e  glow i n t e n s i t y  can b e  represented by 
the  expression 
A more e f f i c i e n t  mecha- 
may u t i l i z e  t h e  ambient NO molecules and N atoms and N20 may be  
The exc i t ed  NO2 molecules have a l i f e t i m e  of 
An a l t e r n a t i v e  theory of t h e  spacec ra f t  glow has  been advanced by 
The plasma phenomenon determines t h e  s p a t i a l  ex- 
The plasma mechanism l eads  t o  a glow i n t e n s i t y  which inc reases  wi th  
Below 160 km, t he  i n t e n s i t y  of t he  AE glow i s  no longer  propor t iona l  
where [N21 i s  the number d e n s i t y  of ambient molecularn i t rogen .  The 
v a r i a t i o n  as t h e  square of [N21 could be a l t e r n a t i v e l y  a v a r i a t i o n  as 
t h e  product of any p a i r  of t h e  molecules N2, 02 and NO which have s i m i -  
lar scale he 'gh t s  i n  t h e  a l t i t u d e  range of t he  observat ions.  A varia- 
t i o n  as [N21 ' i n d i c a t e s  a mechanism involving t h e  success ive  c o l l i s i o n s  
of two molecules and i s  c o n s i s t e n t  wi th  t h e  mechanism suggested by 
Green [19841 f o r  t h e  s h u t t l e  glow. However i f  i t  i s  t o  make a s i g n i f i -  
can t  con t r ibu t ion  t o  t h e  s h u t t l e  glow, i t s  e f f i c i e n c y  must be several 
orders  of magnitude g r e a t e r  on the  s h u t t l e  than the  va lues  der ived f o r  
t h e  AE satell i tes.  A poss ib l e  ob jec t ion  t o  the  Green mechanism i s  the 
success  of t h e  ion  mass spec t romet r ic  measurements of atomic n i t rogen  
[Engebretson and Mauersberger, 19791 on the AE satel l i tes  which argues tha t  
l i t t l e  d i s s o c i a t i o n  of N 2  occurred. 
w i th  the su r face ,  t h e  s h u t t l e  glow mechanism may be  modified by invok- 
ing  ambient N o r  NO i n  p l ace  of t h e  d i s soc ia t ed  N2.  
re la t ive i n t e n s i t i e s  from t h e  process  involving 0 and from t h e  process  
I f  N2 i s  n o t  d i s soc ia t ed  by impact 
Table 1, reproduced from Yee et  a l .  [19851, g ives  t h e  der ived 
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involving N2. The N z  mechanism g ives  rise t o  a spectrum decreasing 
r ap id ly  i n  i n t e n s i t y  a t  t h e  s h o r t e r  wavelengths, and its increas ing  
importance a t  low a l t i t u d e s  i s  respons ib le  f o r  t h e  s t eepe r  glow spec- 
trum below 160 km. A t  longer wavelengths, t h e  spectrum bears  some 
s i m i l a r i t y  t o  t h e  spectrum measured on t h e  Spacelab l / s h u t t l e  mission 
degraded t o  match t h e  r e s o l u t i o n  of t h e  AE photometer [Torr and Torr ,  
1989 . The spectrum r e s u l t i n g  from t h e  Green mechanism i s  not  avail- 
a b l e  and it i s  unclear  how w e l l  it might reproduce t h e  observat ions.  
The discrepancy between t h e  model va lue  of t h e  732 nm/656 nm in ten-  
s i t y  r a t i o  and t h e  va lue  corresponding t o  t h e  oxygen mechanism, shown 
i n  Table 1, is  s u b s t a n t i a l .  It can be  removed by pos tu l a t ing  an addi- 
t i o n a l  source of emission i n  t h e  s p e c t r a l  reg ion  between 600 and 700 nm. 
A p l a u s i b l e  candidate  i s  t h e  s h u t t l e  glow mechanism. 
glow on the t a i l  of t h e  s h u t t l e  STS-8 gave an i n t e n s i t y  per  u n i t  wave- 
length  near  700 nm of about 450 R/X corresponding t o  a t o t a l  glow 
i n t e n s i t y  of 1MR [Mende e t  a l . ,  1984a1. The s h u t t l e  glow i n t e n s i t y  i s  
enhanced by t h e  obl ique geometry of t h e  observat ions.  Corrected t o  a 
d i r e c t i o n  normal t o  :he s h u t t l e  sur face ,  we estimate an i n t e n s i t y  
between 10 and 20 R/A. For t h e  AE sa te l l i t e  t h e  i n t e n s i t y  i s  reduced 
f u r t h e r  by t h e  curva ture  of t h e  satell i te s u r f a c e  t o  between 5 and 
10 R/A corresponding t o  a t o t a l  of 150 R i f  t h e  s h u t t l e  mechanism is  
opera t ing  on t h e  AE satel l i te .  The b a f f l e  of t he  AE a i rglow photometer 
ex t rudes  8 cm above the  sur face ,  and bearing i n  mind t h e  s h o r t  decay 
length  of t h e  s h u t t l e  glow, we  estimate t h a t  of t h e  t o t a l  150 R only 
3 0 . R  would be de tec ted .  The t o t a l  measured i n t e n s i t y  i s  60 R and we  
suggest t h a t  ha l f  t h e  measured h igh -a l t i t ude  glow on t h e  AE su r faces  
arises from the  mechanism t h a t  has  been a t t r i b u t e d  t o  OH and ha l f  from 
t h e  s h u t t l e  mechanism that has  been a t t r i b u t e d  t o  N02. Table 2 com- 
pares  t h e  r e s u l t a n t  relative i n t e n s i t i e s  wi th  those  measured above 
160 km. The agreement i s  c lose .  A more q u a n t i t a t i v e  s tudy i s  i n  
progress .  
W e  be l i eve  the  OH mechanism a l s o  opera tes  on t h e  s h u t t l e  bu t  i s  weak 
compared t o  t h e  NO2 mechanism i n  the  v i s i b l e .  
between 1 and 21.1 i f  t h e  ca l cu la t ions  of Langhoff e t  a l .  119831 are 
appropr ia te .  
A microdensitometer trace of t he  ob jec t ive  g r a t i n g  spectrum of t h e  
It may b e  de t ec t ab le  
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TABLE I. INTENSITY RATIOS 
Theoretical Emp i r ica 1 
(nm) 0-H recombinat ion 0-mechanism N2-mechanism 
(i) (ii) (i) (ii) 
732 1.00 1.00 1.00 1.00 1.00 
656 0.18-0.13 0.71 0.68 0.09 0.08 
428 0.05-0.03 0.02 0.02 0.06 0.06 
337 0.06-0.02 0.05 0.04 0.21 0.17 
280 --- 0.08 0.03 0.19 0.08 
* k ( h )  h(732) 
A ( h )  A(732) (i) k(A)/k(732) (ii) -
TABLE 2. AE GLOW SPECTRUM 
* 
OH N02 IOH+'NO~ KO 
(Langhoff et al., (Swenson et al., (Yee et al., 
1983) 1985) 1985 
7320 1.000 1.00 1,000 1,000 
6563 A 0.159 1.00 0.580 0.679 
0.030 0.05 0.040 0.021 
3371 1 0.022 0.012 0.036 
4278 1 
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